Abstract. Restoring forest structure and composition is an important component of urban land management, but we lack clear understanding of the mechanisms driving restoration success. Here we studied two indicators of restoration success in temperate rainforests: native tree regeneration and epiphyte colonization. We hypothesized that ecosystem properties such as forest canopy openness, abundance of exotic herbaceous weeds, and the microclimate directly affect the density and diversity of native tree seedlings and epiphytes. Relationships between environmental conditions and the plant community were investigated in 27 restored urban forests spanning 3-70 years in age and in unrestored and remnant urban forests. We used structural equation modelling to determine the direct and indirect drivers of native tree regeneration and epiphyte colonization in the restored forests. Compared to remnant forest, unrestored forest had fewer native canopy tree species, significantly more light reaching the forest floor annually, and higher exotic weed cover. Additionally, epiphyte density was lower and native tree regeneration density was marginally lower in the unrestored forests. In restored forests, light availability was reduced to levels found in remnant forests within 20 years of restoration planting, followed shortly thereafter by declines in herbaceous exotic weeds and reduced fluctuation of relative humidity and soil temperatures. Contrary to expectations, canopy openness was only an indirect driver of tree regeneration and epiphyte colonization, but it directly regulated weed cover and microclimatic fluctuations, both of which directly drove the density and richness of regeneration and epiphyte colonization. Epiphyte density and diversity were also positively related to forest basal area, as large trees provide physical habitat for colonization. These results imply that ecosystem properties change predictably after initial restoration plantings, and that reaching critical thresholds in some ecosystem properties makes conditions suitable for the regeneration of late successional species, which is vital for restoration success and long-term ecosystem sustainability. Abiotic and biotic conditions that promote tree regeneration and epiphyte colonization will likely be present in forests with a basal area ≥27 m 2 /ha. We recommend that urban forest restoration plantings be designed to promote rapid canopy closure to reduce light availability, suppress herbaceous weeds, and stabilize the microclimate.
introDuction Forest ecosystems undergo complex successional dynamics (Oliver and Larson 1990) , and management actions must mimic these natural dynamics to be successful at restoring degraded forests (Walker et al. 2007 , Reid et al. 2016 . However, our understanding of the dynamics that occur in restored forests over decadal time scales is limited by a lack of long-term monitoring and the fact that most forest restoration projects have only started within the past few decades (Ruiz-Jaen and Aide 2005, Oldfield et al. 2015 , Shoo et al. 2015 , Johnson and Handel 2016 , Miller et al. 2016 ). Improving our understanding of the mechanisms that determine the success of long-term forest restoration is a high research priority (Bullock et al. 2011 , Suding 2011 .
Two indicators of successful restoration of temperate rainforests are regeneration of long-lived, shade-tolerant trees (Suganuma and Durigan 2015, Johnson and Handel 2016) and colonization by epiphytes (Oishi and Doei 2015, Reid et al. 2016) . Spontaneous dispersal and recruitment of these indigenous, late successional plants into a forest undergoing restoration is an indication that conditions have become suitable for natural forest dynamics to occur without additional management actions (Robinson and Handel 1993 , Boudreault et al. 2000 , Shoo et al. 2015 , Bertacchi et al. 2016 . However, the factors that influence regeneration and colonization and the time it takes for conditions to become suitable are unclear in urban forests, which are often fragmented, invaded by aggressive exotic plants, and are constrained by limited seed dispersal and germination (Lehvävirta and Rita 2002 , McCauley et al. 2012 , Overdyck and Clarkson 2012 , Overdyck et al. 2013 . Identifying the environmental conditions that promote successful regeneration of native trees and epiphyte colonization in forests will clarify processes driving succession (Brown 1993) and will also directly inform restoration practice (Walker et al. 2007 , Bertacchi et al. 2016 .
Urban ecosystems differ from rural ecosystems (Dobbs et al. 2011 , Groffman et al. 2016 ) and therefore present unique restoration challenges. However, the benefits of ecologically intact urban forest are worth the effort of restoration (Pickett et al. 2011) . Research over the past few decades suggests that, aside from providing wildlife habitat (Burghardt et al. 2009 , Threlfall et al. 2016 , urban forests provide economically valuable ecosystem services such as flooding and climate mitigation (Dobbs et al. 2011 , Pickett et al. 2011 ) and pollutant filtering (Pickett et al. 2011) . Additionally, urban forests provide a space in which humans reconnect with nature and enjoy individual health and societal benefits (Groffman et al. 2016) . Therefore, urban forest is now prioritized in city planning (Groffman et al. 2016 , Threlfall et al. 2016 ) and practitioners need information about the best practices for successful long-term forest restoration (Dobbs et al. 2011) .
Theories of forest dynamics and succession provide the context for understanding how to restore ecosystems that feature plant species that will only establish in mature vegetation, such as shade-tolerant trees (Palmer et al. 1997 , Zedler and Callaway 1999 , Smale et al. 2001 , Laughlin et al. 2008 ) and vascular epiphytes (Shono et al. 2006 , Reid et al. 2016 . Urban forest restoration is typically initiated by removing undesirable plants and planting early successional native tree species (Johnson and Handel 2016) that will develop into a structurally complex, diverse native forest. Subsequent responses of vegetation structure, composition, and function are only sometimes monitored (Ehrenfeld and Toth 1997, Wortley et al. 2013) , and while these metrics are important for assessing if a restoration target has been achieved, they do not necessarily identify the mechanisms propelling forest succession toward that target.
Abiotic and biotic ecosystem properties constrain restoration success (Suding and Hobbs 2009) , and may respond to restoration actions in different ways during ecosystem recovery (Hobbs and Norton 1996 , Hobbs and Harris 2001 , Suding et al. 2004 ). Some ecosystem properties reach restoration targets rapidly, whereas others demonstrate linear, lagged, or threshold responses (Fig. 1) . Ecosystem properties may also fail to reach targets altogether by falling short of targets or later reverting to an unrestored state (Fig. 1) .
Some ecosystem properties reach thresholds during ecological succession that trigger shifts in other ecosystem properties (Temperton et al. 2004) . For example, abiotic properties such as microclimate and light availability are key drivers of regeneration in the forest understory (Fig. 2; Tilman 1985 , Brown 1993 , Palmer et al. 1997 , Shono et al. 2006 , Sporn et al. 2010 , Neufeld and Young 2014 . Recognizing these relationships and how they change through time can be crucial for improving management decisions and facilitating desired plant community assembly (Palmer et al. 1997 , Temperton et al. 2004 , Suding and Gross 2006 , Laughlin 2014 .
Biotic thresholds include the loss of native species and the invasion of exotic species, which can also affect the abiotic conditions of a site ). Sometimes succession is arrested in an alternative stable state (Hobbs and Norton 1996) or redirected because the microclimate (Hobbs and Norton 1996 , Hobbs and Harris 2001 , Suding et al. 2004 ). The four solid arrows represent successful trajectories that a property may follow from an unrestored level to reach the target level of remnant ecosystems: (I) rapid response, (II) linear response, (III) lagged response, or (IV) threshold response. The response shape may depend on the nature of the property itself or could be affected by management actions. All solid response curves eventually reach values found in remnant ecosystems, but I, II, and IV display marked thresholds where the rate of change is drastically altered. The two dashed arrows represent unsuccessful trajectories where target levels are never attained: (V) shortfall failed response and (VI) parabolic failed response, where restoration efforts were only temporarily effective. This conceptual diagram displays hypothetical unrestored and remnant ecosystem means and distributions using boxplots (on the left and right, respectively). Unrestored ecosystem values are arbitrarily shown as low and remnant ecosystem values as high, but the inverse may be true depending on the ecosystem property. favors invasive exotic species (Standish et al. 2001 , Suding and Gross 2006 , Johnson and Handel 2016 . Because urban forests are fragmented, small, and contain high edge-to-area ratios Gardner 1999, Overdyck and Clarkson 2012) , they are particularly overwhelmed by strong propagule pressure from invasive exotic plant species. Many degraded urban forests in New Zealand are invaded by exotic deciduous trees. Unlike the native evergreen tree species, these exotics senesce leaves in autumn causing an increase in light availability and larger fluctuations of soil temperatures throughout the winter. These biota-driven changes in environmental conditions facilitate growth of invasive herbaceous plants (McQueen et al. 2006) , which would normally go dormant but instead flourish through the mild winters. These herbaceous weeds prevent the regeneration of native tree species (Standish et al. 2001) . By restoring a native evergreen canopy, the microclimate may fluctuate less and light availability will be reduced, thereby allowing native shade-tolerant trees and epiphytes to colonize the developing forest.
Ecosystem property
Our overall objective in this study was to determine the environmental drivers that promote native tree regeneration and epiphyte colonization in restored urban temperate forests (Fig. 2) . Forest restoration research often focuses solely on plant community change after planting; here, our objective was to identify the conditions driving that change. To achieve this, we substituted spacefor-time and established a unique chronosequence of forests representing 70 years of forest development following an initial restoration planting. We measured abiotic environmental conditions as well as biotic plant community structure and composition and used structural equation modelling to assess which variables were key drivers of native tree and epiphyte regeneration. Specifically, we asked the following questions: (1) How do biotic and abiotic ecosystem properties change over seven decades in restored urban forests? And (2) what are the key direct and indirect drivers of native tree regeneration and epiphyte colonization?
Materials anD MethoDs

Study sites
Our study took place on New Zealand's North Island, which was historically 75% covered in temperate rainforest but 66% of which is now cleared for agriculture and silviculture (Nicholls 1980) . Data were collected from restored urban forest patches in two cities, Hamilton, population 160,000 (37.7870° S, 175.2793° E) and New Plymouth, population 60, 000 (39.0556° S, 174.0752° E), about 200 km apart. Hamilton has an annual mean precipitation of 1,110 mm with mean minimum and maximum temperatures of 8.7°C and 18.9°C, respectively (data available online), 2 and 2.1% indigenous forest cover (Clarkson et al. 2007b) . New Plymouth has an annual mean precipitation of 1,400 mm with mean minimum and maximum temperatures of 10° and 17.5°C, respectively (see footnote 2), and 8.5% indigenous forest cover (Clarkson et al. 2007a ) of a composition similar to Hamilton. Urban forest patches averaged 2.9 ± 2.4 ha (mean ± SD) in size and were 147 ± 197.97 m from the nearest forest patch >0.1 ha (Appendix S1).
Data was collected from three types of urban forest: unrestored (n = 6), restored (n = 27), and remnant forest (n = 6). Restored sites formed a chronosequence from 3 to 70 years since initial restoration plantings; 36 sites were public and three were private. Chronosequences are spacefor-time substitutions that are useful for understanding the long-term processes of ecological succession (Walker et al. 2010) . Unrestored urban forest was defined as a forested area subjected to severe anthropogenic disturbance (e.g., clear-felling or sand mining) before 1960 without further major disturbance or any restoration since, and is now dominated by exotic trees. Remnant forest was defined as a surviving urban fragment of old-growth native forest currently protected from major anthropogenic disturbance. Each urban forest site encompassed three randomly located 10 × 10 m 2 plots, with the constraints that plot edges were never <1 m from each other or the edge of the site, or on slopes >10°. At 12 out of 39 sites at least one plot had to be placed within 1 m of the forest edge due to the small size or steepness of the forest patch. Five permanent 1-m 2 subplots were established in each plot.
Data collection
Woody plants ≥2.5 cm (single and multi-stemmed individuals) diameter at breast height (DBH; 1.4 m) in all three plots at each site were identified to species, classified as native or exotic and the DBH of each stem was recorded. We used these data to compute the basal area of each species in each site. Only native trees were used to compute canopy species richness. Regenerating tree species, defined as trees <2.5 cm DBH were identified, classified as native or exotic and tallied by species in one randomly chosen quarter of each plot. Forest community successional status (e.g., early vs. late) for each tree species was assigned according to information found in the restoration plan for Waiwhakareke Natural Heritage Park, a 60-ha New Zealand urban forest restoration project listed in Oldfield et al. (2013) .
Herbaceous species were assessed within the subplots by identifying every species rooted within and estimating percent cover by species. Total percent cover could exceed 100% due to plant overlap in three-dimensional space.
Epiphytes were defined as any vascular plant growing on a tree rooted within a plot. Epiphytes were identified to species using binoculars and tallied by number of host trees they occurred on (Suganuma and Durigan 2015) . Total native epiphytes and obligate native epiphytes were used in the analyses; obligate epiphytes are those which must grow on trees (Kirby 2014) .
Atmospheric relative humidity (RH) was measured every four hours for 12 months using hygrochrons (iButton dataloggers model DS1923, Maxim Integrated, San Jose, California, USA). Hygrochrons (one per site) were hung in radiation shields 2 m above the center subplot in the central plot at each urban forest site. Soil temperature at 10 cm depth was measured every four hours for 12 months at the center subplot in the outermost two of the three plots at each urban forest site using thermochrons (iButton dataloggers model DS1921G-F5; Maxim Integrated, San Jose, California, USA) (Hubbart et al. 2005) . For both RH and soil temperature we computed the standard deviation over one year to represent the temporal fluctuations in these abiotic conditions at each site.
Canopy openness was measured four times (once per season) by taking hemispherical photos of the canopy from 1 m above the ground in each plot. Resulting images were analyzed with the software Gap Light Analyzer v. 2.0 (Institute of Ecosystem Studies, Millbrook, New York, USA). The average value across the three plots and four seasons was used to quantify site-level canopy openness, an index of light availability.
We also measured a variety of ecosystem properties that were non-impacting, i.e., either did not differ between unrestored and remnant forests, did not change over time in the restored forests, or were not related to tree regeneration or epiphyte colonization. For completeness, we list and describe methods and results for these variables in Appendix S2.
Statistical analyses
Change in forest ecosystem properties over time.-First, we inspected bivariate plots and fitted generalized linear regression models to evaluate the relationships between restored forest age and either environmental conditions (canopy openness, soil temperature fluctuation, and humidity fluctuation) or plant community attributes (tree basal area, canopy species richness, herbaceous weed cover, native tree regeneration, and epiphyte colonization). We compared environmental conditions and plant community attributes between remnant forests and unrestored forests using Welch's unequal variances t tests (α = 0.05). Prior to these tests, canopy openness and humidity were log-transformed. We used the "segmented" package in R (Muggeo 2003) to find breakpoints in the relationships between ecosystem properties and time to test for critical transitions in trajectories of ecosystem properties.
Second, we used nonmetric multidimensional scaling (NMDS) ordination in the vegan package in R (Oksanen et al. 2015) to quantify differences in plant community composition among unrestored, restored, and remnant forests. Composition was assessed in four vegetation strata: canopy species composition (basal area, m 2 /ha), native regeneration composition (stems/ha), herbaceous weed composition (% cover), and epiphytes (host trees/ ha). One outlier had a very different plant community because it was the only restored site in a salty coastal habitat; this was removed from all NMDS analyses. Prior to fitting the ordination models, species abundance data were square-root transformed and standardized using a Wisconsin double relativization (Gauch 1982) . Environmental variables were log transformed and illustrated as vectors on the NMDS plots if they were significantly correlated with the ordination axes (α = 0.05). We tested for differences in plant community composition between unrestored and remnant forests with PERMANOVA (Anderson 2001) , using the vegan package in R (Oksanen et al. 2015) .
Constraints on tree regeneration and epiphyte colonization.-We used structural equation modelling with the R package piecewiseSEM (Lefcheck 2015) to determine the direct and indirect drivers of native tree regeneration and epiphyte colonization. This multivariate approach tests hypothesized relationships among a system of state variables. Using theory and empirical data, we developed an a priori model that we believed to be the most plausible causal structure of the factors that constrain native tree regeneration and epiphyte colonization in restored forests (Fig. 2) . We hypothesized that age and basal area would be indirect drivers of native tree regeneration and obligate epiphyte colonization (Lang and Knight 1983, Tyrrell and Crow 1994) and that basal area would mediate the indirect effect of age on canopy openness (Tyrrell and Crow 1994, Knowles et al. 1999) . We predicted that canopy openness would have direct effects on native tree regeneration (Gerhardt 1996 , Olesen and Madsen 2008 , Bertacchi et al. 2016 , soil temperature fluctuation (Chen et al. 1993) , humidity fluctuation (McCune and Antos 1982) , and herbaceous weed cover (McAlpine et al. 2015) . Our model hypothesized that soil temperature fluctuation (Dodd et al. 2011 ) and herbaceous weed cover would directly constrain native tree regeneration (Davis et al. 2005 , Kuijper et al. 2010 , Dodd et al. 2011 , Overdyck and Clarkson 2012 , McAlpine et al. 2015 , Yelenik 2016 , while basal area (Burns and Dawson 2005, Hirata et al. 2009 ) and humidity fluctuation (McCune and Antos 1982 , Callaway et al. 2002 , Winkler et al. 2005 , Zotz and Bader 2009 would directly constrain epiphyte colonization.
Prior to analysis, variables were log-transformed to linearize relationships, except for soil temperature standard deviation and humidity standard deviation. All variables were also scaled to unit variance, except for epiphyte density and richness, which were Poisson distributed. We fit two models using the same a priori model structure (Fig. 2) : one for the density of tree regeneration and epiphyte colonization, and one for species richness of tree regeneration and epiphyte colonization. We used a Gaussian distribution to model regeneration density and richness, but we used a quasipoisson distribution to model epiphyte density and richness because these Poisson-distributed variables were over-dispersed (Wells and O'Hara 2013) . Because the model included both Gaussian and Poisson error distributions, we only report the unstandardized coefficients. Model fit was assessed using Fisher's C statistic (Grace 2006 , Lefcheck 2015 , where good-fitting models yield small C statistics and P values >0.05. Poor fitting models were improved by removing nonsignificant pathways and variables that were not significantly related to the response variables.
We tested whether the effects of direct drivers of native plant regeneration differed between the two cities by fitting separate ANCOVA models. We added city as a fixed effect to test for differences in the direct effects of microclimate, weeds, and basal area on plant regeneration. For example, tree regeneration density was modelled as a function of weed cover, city, and a weed cover × city interaction, where the main effect of city tests for a shift in intercept, whereas the interaction tests for a difference in slope between cities.
results
Change in forest ecosystem properties over time
Unrestored forests contained marginally less tree basal area than remnant forests (36 m 2 /ha vs. 93 m 2 /ha, t 6.0 = −2.1664, P = 0.0734, Fig. 3A ) but had higher canopy openness (13% vs. 3%, t 9.3 = 5.9372, P = 0.0002, Fig. 3B ). In restored forests, tree basal area increased linearly over the 70-yr time span of the chronosequence (Fig. 3A) , contrasting with canopy openness, which dropped rapidly (Fig. 3B) . A breakpoint in canopy openness occurred at approximately 18 years (Appendix S3), when light transmittance decreased to levels detected in remnant forests.
There was no difference in humidity fluctuation in unrestored and remnant forests (t 7.0 = 1.9312, P = 0.0945), while in restored forests, fluctuations in humidity decreased rapidly with age (Fig. 3C) . A breakpoint in humidity fluctuation occurred at approximately 23 years (Appendix S3), after which humidity levels were consistently more stable. Unrestored forest soil temperatures fluctuated marginally more than remnant forest soils (t 8.5 = 2.1387, P = 0.0626, Fig. 3D ). In restored forests, soil temperature fluctuations lessened with age, and became consistently stable at approximately 21 years (Appendix S3).
Herbaceous weed cover in unrestored forests was greater than in remnant forests (37% vs. 5%, t 8.7 = 3.8366, P = 0.0042, Fig. 3E ). Weed cover in restored forests declined rapidly from 75% in the youngest planting to 1% at approximately 18 years, where a breakpoint occurred (Appendix S3). Herbaceous weed community composition differed between unrestored and remnant forests (PERMANOVA, F 10,1 = 3.1103, P = 0.016, Appendix S4). Restored forest weed compositions were least similar to one another between 6 and 11 years post-planting.
Canopy species richness differed significantly between unrestored and remnant forests (t 8.9 = −3.0812, P = 0.0133), and increased linearly over time in restored forests (Fig. 3F) . By 70 years after restoration, the restored forest canopy had twice as many tree species as unrestored forest (14 vs. 7.3, Fig. 3F ). Canopy composition differed between unrestored and remnant forests (PERMANOVA, F 10,1 = 1.9676, P < 0.005, Appendix S4). The oldest restored forests had canopy compositions most similar to remnant forest.
There was a marginal difference in total native tree regeneration density between unrestored and remnant forests, with five times more native trees regenerating in remnant forests (9422 stems/ha vs. 50 244 stems/ha, t 5.5 = −2.190, P = 0.0749, Fig. 3G ). Total native tree regeneration density in restored forests increased over time, becoming similar to remnant forests within the first few decades (Fig. 3G) . Regeneration density of late successional native trees followed a similar pattern and was marginally greater in remnant forest than in unrestored forest (t 5.6 = −2.3636, P = 0.0591, Fig. 3H ), however it was generally much lower than total regeneration density, and comprised little of the total regeneration in the youngest restored forests (Fig. 3G, H ; Appendix S5). Total native tree regeneration species richness was not different between unrestored and remnant forest (t 9.8 = −1.6051, P = 0.14), but did increase with restoration age (Fig. 3I) . Native tree regeneration in unrestored forests had a different composition to those of remnant forests (PERMANOVA, F 10,1 = 1.7149, P = 0.043; Appendix S4). Only 29% of tree species regenerating in unrestored forest were late successional species, compared with 58% in remnant forest, where environmental conditions were more stable.
Total epiphyte density was marginally greater in remnant forests compared with unrestored forests (t 7.5 = −2.2761, P = 0.0545, Fig. 3J ). Epiphytes were absent in young restored forests, but colonization began at approximately 20 years after restoration and total densities subsequently appeared to be similar to remnant site levels by approximately 40 years (Fig. 3J) . Obligate epiphyte density was significantly greater in remnant forest than unrestored (t 7.7 = −2.3275, P = 0.04976, Fig. 3K ) and obligate epiphyte species richness was marginally greater in remnant forest (t 8.6 = −2.0521, P = 0.0717, Fig. 3L ). Obligate epiphyte species were also absent in sites <20 years old, but after that there were on average 2.3 species growing in restored forest sites (Fig. 3L) . Epiphyte community composition in remnant forest was dissimilar to that of unrestored forests (PERMANOVA, F 10,1 = 3.9031, P = 0.005; Appendix S4).
Constraints on tree regeneration and epiphyte colonization
The a priori structural equation model of native tree regeneration and epiphyte density did not fit the data well (Fisher's C = 53.99, df = 36, P = 0.027, Fig. 2) . We removed the nonsignificant pathway from canopy openness to native tree regeneration (pathway iii, Fig. 2 ). This new model fit the data well (Fisher's C = 50.46, df = 38, P = 0.085, Fig. 4A ), explaining 40% of the variation in native tree regeneration density and 64% of the variation in epiphyte colonization density. The final model also explained significant variation in herbaceous weed cover (31%), soil temperature fluctuation (58%), humidity fluctuation (53%), canopy openness (77%), and basal area (81%; Fig. 4A ).
The final plant density model indicates that native tree regeneration densities were highest where herbaceous weed cover and soil temperature fluctuation were lowest (Fig. 4A) . Importantly, native tree regeneration density was not directly related to canopy openness, but rather was indirectly related to canopy openness through the mediating factors of herbaceous weed cover and soil temperature fluctuation. High epiphyte density was related to smaller fluctuations in humidity and greater tree basal area.
The a priori structural equation model of native tree regeneration and epiphyte species richness did not fit the data well (Fisher's C = 65.18, df = 36, P = 0.002; Fig. 2) . We removed the nonsignificant pathway from canopy openness to native tree regeneration (pathway iii, Fig. 2 ) and removed herbaceous weed cover from the model. This new model fit the data well (Fisher's C = 31.67, df = 28, P = 0.288; Fig. 4B ) and explained significant variation in tree regeneration species richness (20%) and species richness of epiphytes (60%; Fig. 4B ).
The final species richness model indicates that native tree regeneration richness was highest where soil temperature fluctuation was lowest, which was related to canopy openness (Fig. 4B) . High epiphyte richness was related to smaller fluctuations in humidity and greater tree basal area.
Direct effects on native plant regeneration did not differ substantially between the two cities (Appendix S6). We detected minor differences for a few relationships, such as a shift in intercept or a shift in both intercept and slope between the two cities in the relationships between epiphytes and tree basal area (Appendix S6), but all other relationships remained unchanged. Importantly, the sign and meaning of the relationships were the same across both cities, and the effects of microclimate and weeds remained significant.
Discussion
The results of this restoration chronosequence improve our understanding of the temporal dynamics that occur in restored forests over decadal time scales. We found that many ecosystem properties change over time as restored forests mature, and a few key properties drive restoration success. Specifically, our structural equation model (SEM) demonstrated that two indicators of successful forest restoration, native tree regeneration and epiphyte colonization, were constrained by fluctuating microclimate and exotic herbaceous weeds. These factors were functions of changes in forest structure and light availability, both of which changed predictably as the forests aged. A critical threshold was reached at approximately 20 years after the initial restoration planting, when conditions became suitable for the spontaneous regeneration of native trees and epiphytes.
Ecosystem properties of restored forests followed different recovery trajectories (Fig. 1) . The historic expectation in terrestrial habitat management is a linear response to system perturbation, and threshold responses are not yet well understood (Suding and Hobbs 2009) . We observed linear rates of change, rapid changes that plateaued quickly, and threshold responses. Understanding the nature of these responses is important for management because restored forest properties are inexorably linked (Dodd et al. 2011) . Importantly, we observed that reaching a threshold in one ecosystem property can trigger sudden changes in other conditions that promote natural processes, such as regeneration, that are necessary for long-term forest development.
Many critical changes occurred at approximately 20 years of forest development, when basal area increased to an average 27 ± 2.8 m 2 /ha (mean ± SE). Trajectories of four ecosystem properties in particular were altered at this level of basal area: light availability reached a low point, herbaceous weed cover was reduced, atmospheric relative humidity beneath the canopy was stabilized, and soil temperature was stabilized (Appendix S3). Forest structure and composition can be dynamic during this early stand initiation phase of forest dynamics (Oliver and Larson 1990) . Time since restoration is a main driver of success (Crouzeilles et al. 2016) , and recent research suggests that critical changes in restored ecosystem conditions occur within 15-20 years after the initiation of forest restoration. For example, Johnson and Handel (2016) found significantly more native regeneration and more complex forest structure in 15-20 years old restored sites than in unrestored sites. Shoo et al. (2015) found that species richness increased within 20 years in tropical rainforest restoration plantings and the richness included important elements of forest structure such as vines and epiphytes. Structural complexity and native regeneration increase biodiversity (Burghardt et al. 2009 , Threlfall et al. 2016 , which increases resilience to perturbation (Walker 1995 , Dodd et al. 2011 , Oakley and Knox 2012 , thereby minimizing the need for further restoration intervention. Isolation of urban forest patches may have hindered seed dispersal of some native plant species Clarkson 2012, Taylor and Burns 2015) . Such isolation could ultimately limit regeneration success regardless of whether the required set of environmental conditions arise within the developing forests (Robinson and Handel 1993, Lehvävirta and Rita 2002) . In cases of extreme seed dispersal limitation in some urban forests, propagules will need to be introduced by practitioners to promote native plant colonization.
In our study, the key direct drivers of native tree regeneration were herbaceous weeds and microclimatic fluctuations. Herbaceous weeds limit the establishment and survival of native tree seedlings (Davis et al. 2005 , Overdyck and Clarkson 2012 , George and Bazzaz 2014 , McAlpine et al. 2015 , Yelenik 2016 . Many exotic weeds are nutrient-demanding and will compete aggressively for belowground resources in forests (Gilliam 2006 , Peltzer et al. 2009 , Yelenik 2016 . Some also have specific symbiotic mycorrhizae that can cause advantage in uptake capability (Cornelissen et al. 2001) or have antifungal exudates that disrupt native tree mycorrhizal associations (Stinson et al. 2006) . Whether shade-tolerant or light-demanding, exotic herbaceous weeds compete aggressively for light reaching the forest floor (Neufeld and Young 2014) . Despite a significant decrease in weed cover as sites grew older, our oldest site contained unexpectedly high cover (38%) of a problematic shade-tolerant weed (Tradescantia fluminensis Vell.), which has been known to reduce native tree regeneration if present in great enough biomass (Standish et al. 2001) .
Native tree regeneration was also directly regulated by temperature fluctuations in the soil. Soil temperatures can play a pivotal role in both tree regeneration density and diversity by triggering germination (Vázquez-Yanes and Orozco-Segovia 1982) and dictating growth rate (Heninger and White 1974) . Both soil frost (Goulet 1995) and excessive heat (Lopushinsky and Max 1990) can cause seedling mortality. Tree seedlings differ by species in their optimal soil temperature for growth (Heninger and White 1974) . Early successional species are adapted to larger fluctuations in conditions (Bazzaz 1979) , explaining why they comprise the majority of seedlings early in the chronosequence. The difference between unrestored and remnant forest regeneration composition suggests that a subset of species, likely many late successional native trees, cannot tolerate conditions found in unrestored forests.
Epiphyte colonization was triggered by reaching critical thresholds in microclimatic stability and substrate availability (Fig. 1) . Taylor and Burns (2015) proposed three stages of epiphyte community development: (1) host trees are devoid of epiphytes due to lack of sufficient architectural characteristics, (2) adult host trees acquire epiphytes and continue to do so into maturity, and (3) epiphyte communities experience decline due to host tree mortality. We observed the first two stages within the chronosequence we studied. Stage one lasted for approximately 20 years, and stage two was triggered when epiphytes began to colonize forests with basal area of ~27 m 2 /ha and when humidity stabilized under the forest canopy.
Epiphytes can be particularly sensitive to desiccation because their roots are exposed as they cling to their host trees (Palmer et al. 1997 , León-Vargas et al. 2006 . Epiphyte species stratify themselves along a ground-tocanopy gradient, where those that are more sensitive to evaporative water loss colonize closer to the shaded forest floor Briones 1998, Sporn et al. 2010) . The development of the tree canopy creates an increasing range of suitable conditions for epiphytes, facilitating greater species diversity, especially high in the canopy (León-Vargas et al. 2006 , Reid et al. 2016 . Additionally, as epiphytes accumulate, their own biomass creates further microclimatic buffering, facilitating greater epiphytic colonization (Reid et al. 2016) . Other studies have found that restored forests often support greater diversity and density of epiphytes compared to unrestored or spontaneously regenerated forests (Kanowski et al. 2003 , Reid et al. 2016 ). In our study, greater density and richness was found in stands with smaller fluctuations in humidity and the largest trees (Burns and Dawson 2005 , Burns 2008 , Hirata et al. 2009 ).
Management actions promoting the conditions that allow for native plant regeneration are required to ensure that initial planting efforts lead to resilient and enduring forests. Our results suggest that late successional plant establishment in restored urban forests is constrained by herbaceous weeds and microclimatic instability, both of which are driven by light availability. The relationships we observed between direct drivers and native plant regeneration were qualitatively similar between the two cities (Appendix S6). We expect to observe natural variation in the strength and importance of some of these relationships across different cities and regions, but the overall patterns should be robust and, within reason, can be generalized to other global contexts. To succeed in restoring urban forests, we recommend management actions that promote rapid canopy closure. For example, given a finite supply of native tree seedlings, it is better to plant seedlings at high densities over small areas rather than low densities across large areas. Many ecosystem properties change predictably over time as canopies develop, allowing management decisions to be planned on decadal timescales. Given the timescales at which forests dynamics operate, local governments that manage urban forests should adopt long-term planning strategies similar to those of forestry operations. This will be challenging given the rapid turnover of political offices.
Initial restoration plantings are often followed by further site management, such as enrichment planting of late successional species. These enrichment plantings are undertaken to hasten forest development after the initial planting (Martínez-Garza and Howe 2003, Schulze 2008) , but more work is needed to evaluate the survival of enrichment seedlings that are planted early on, given that the conditions in the chronosequence were not optimal until 20 years after planting. Microclimate conditions are difficult to manipulate directly, but tree seedling survival could be enhanced by coinciding enrichment planting with herbaceous weed control until the canopy is sufficiently closed.
Some indicators of long-term forest restoration success, such as colonization of the canopy by epiphytes, will be constrained by the size of the trees (Burns and Dawson 2005, Hirata et al. 2009) . A minimum target basal area of 27 m 2 /ha could provide guidance for where to cultivate tree seedlings or epiphytes, especially in urban sites that are chronically limited by adequate propagule dispersal (Overdyck and Clarkson 2012) . The restoration of natural areas within cities is a critically important objective for urban land managers to reconnect people to the ecosystems that sustain life on Earth (Pickett et al. 2011 , Standish et al. 2013 , and our results provide guidance for how to restore resilient urban forests efficiently and successfully. 
